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ABSTRACT
A sediment budget for the Deer Creek basin (137 km2), northwest 
Washington, spans both pre- and post-management periods, and documents a 
significant increase in sediment production between 1942 and 1989. Sediment 
production was divided into four primary components: landslides, streambank 
erosion, hillslope erosion, and road-related erosion. Using field sampling of the 
four components, the amount of field time necessary to quantitatively describe 
the relative importance of the budget components is minimized. Five 
incremental sets of aerial photographs were used to construct a management 
history for the basin, to document time of initiation of landslides, and to 
document changes in channel widths that occurred between 1942-1989. 
Changes in channel widths were used to estimate initial channel storage 
conditions in the basin, and landslide initiation times were used to evaluate the 
influence of management and storms on landslide activity. Landslides, debris 
torrents, and gullying on slopes accounted for 90% of all sediment production. 
The Deer Creek sediment budget is unusual in that it is dominated by the effects 
of one landslide. The Deforest Creek landslide accounts for nearly 50% of all 
sediment production during the budget period. In addition, sediment associated 
with this slide accounts for 20% of the increase in channel storage that has 
occurred between 1942 and 1989. Temporal variations in sediment production 
appear to correlate with the level of management activity in the basin. The 
frequency of landsliding and debris torrent events during five bracketed time 
periods appears to be proportional to the area of the basin logged during that 
period.
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INTRODUCTION
The principle objective of this study was to construct a sediment budget 
for the upper portions of the Deer Creek basin (137 km^) (Figure 1) from 1942 
to 1989. A sediment budget is a quantitative statement of the rates of 
production, transportation, and discharge of sediment in a basin (Dietrich et al., 
1982). In conjunction with the sediment budget, a logging and road building 
history was synthesized from sequential sets of aerial photographs taken 
between 1942 and 1989. These histories were used to document management 
activity in the basin and to investigate possible relationships between land 
management activities and changes in the dynamics of sediment production 
and transfer in the basin.
Deer Creek once provided prime spawning and rearing habitat for 
steelhead and coho salmon. However, fish populations in Deer Creek have 
declined steadily since the onset of logging in the basin in 1952 (Stevenson, 
personnel communication, 1989). Previous studies have shown that increases 
in sediment production to stream channels due to logging activities (Roberts 
and Church, 1986; Swanson and Dyrness, 1975; Swanston and Swanson, 
1976) has a detrimental effect on anadromous fish populations (Cederholm and 
Salo, 1979). Concern for the fishery in the basin was heightened in 1984 when 
sediment associated with a landslide on the west side of Deforest Creek (Figure 
1) reached the Deer Creek channel (Thompson, 1988).
In the five years since the initiation of the Deforest Creek slide (Figure 2), 
more than 2,800,000 cubic meters of sediment has been introduced into the 
Deer Creek channel and has silted in gravel bars downstream (Maloy, 1988). 
The spawning potential of Deer Creek has decreased throughout the basin as a 
result of the Deforest Creek slide and numerous other slides. A subsequent
Figure 1. Study area location, sub-basin boundaries, and major tributary streams. Sub­
basins are denoted as: I, Little Deer Creek; II, Rick Creek; III, Deforest 
Creek; IV, Upper Deer Creek; V, Higgins Creek.

4Figure 2. Picture of the Deforest Creek landslide, taken in August, 1989.
logging moratorium on forest service lands in the Deer Creek basin was 
initiated in 1985. The moratorium will remain in effect until the causes of the 
deterioration of fish populations can be identified and remediated (Zander, 
personnel communication, 1989).
The objectives of this study are to: (1) construct a sediment budget for 
the Deer Creek basin; (2) construct a series of 1:24,000 overlay maps 
illustrating the logging and road building history of the basin, the location of 
landslides, and areas subjected to bank and debris torrent erosion; and (3) to 
resurvey cross sections initiated by Thompson (1988) to identify changes in the 
morphology of the Deer Creek channel. Finally, the data collected in this study 
will be used to analyze possible relationships between management activies 
and changes in sediment production rates in the Deer Creek basin.
STUDY AREA
The Deer Creek basin (177 km^) is located in the North Cascade 
Mountains north and northwest of Oso, Washington. The basin, which drains 
into the North Fork of the Stillaguamish River (Figure 1), is divided into an upper 
portion (137 km^) and a lower portion (40 km2). The study area is restricted to 
the upper portion of the drainage basin above the confluence of Deer Creek 
and Rick Creek (Figure 1). The basin is underlain by volcanic and metamorphic 
rocks of the North Cascades system and the Eocene Chuckanut Formation 
(Brown et al., 1987). The basin was extensively glaciated during the 
Pleistocene. A thin veneer of till covers the upper slopes and thick 
accumulations of up to 350 meters of glacial-lacustrine sediment, outwash 
gravel, and terrace deposits (Ryan, et al., 1984) are found in what is now the 
inner gorge of Deer Creek. Most of the Holocene erosion in the basin consists 
of landsliding and stream incision into these glacial sediments. The basin is 
sub-divided into two generalized geologic units. The first is a bedrock unit, 
consisting of areas of the basin in which bedrock crops out at the surface or is 
buried beneath less than 5 meters of unconsolidated glacial material (Figure 3). 
The second unit is a glacial unit, consisting of those areas of the basin having a 
surficial layer of till, glacial-lacustrine, outwash, or glacial terrace deposits that 
are greater than five meters thick (Figure 3).
Slopes in the upper Deer Creek basin are characteristically steep (>30 
degrees) and heavily vegetated. The entire basin was covered by a Douglas fir 
and red cedar forest prior to 1950. Logging within the basin commenced in 
1952, and forty-eight percent of the basin was clearcut between 1952 and 1985 
(Figure 4) (Table 1). All areas were logged using cable yarding, clearcut
Figure 3. Generalized geologic map of study area (Modified from Brown et al.,
1987). The basin is divided into a bedrock unit and a glacial unit. The 
bedrock unit consists of basin area with rock outcrop or less than 5 rneters 
of unconsolidated cover (white area within the basin). The glacial unit 
covers those areas of the basin with greater than 5 meters of till, glacio- 
lacustrine, outwash, or glacial terace deposits (stippled area of the basin).
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Figure 4. Logging history of the Deer Creek study area. Patterns represent areas of 
the basin logged within time periods bracketed by aerial photographs.
Black, 1952-1956: striped, 1956-1964; stippled, 1964-1972; mottled, 1972 
to 1989. Areas of the basin which have not been logged are shown in 
white.
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methods. Average precipitation is 2300 mm per year, most of which occurs 
between November and April ( U.S. Weather Bureau, 1965).
DESCRIPTION OF THE SEDIMENT BUDGET FOR DEER CREEK
1 2
The sediment budget is for the time period 1942 to 1989. Information 
about initial conditions in the basin prior to logging was obtained from 1942 
aerial photographs. Where possible, components of the budget were analyzed 
for five smaller time segments bracketed by available aerial photographs: 
1942-1956, 1956-1964, 1964-1972, 1972-1983, and 1983-1989. Components 
of the sediment budget and pathways of sediment transfer from one location to 
the next are illustrated in Figure 5. Sediment production in this budget is 
defined as the amount of sediment mobilized by any process which is delivered 
to a stream channel (Lehre, 1981). In the Deer Creek basin, the processes 
responsible for sediment production are landsliding, streamside erosion, slope 
erosion, and road-related erosion. Sediment storage in the basin is divided into 
sediment that is stored on hillslopes and sediment that is stored in the non- 
vegetated channels of high-order streams . Sediment output from the study 
area is all sediment which has been transported out of the basin by Deer Creek. 
Components of the sediment budget (Figure 5) are expressed as volumes. 
Rates, where appropriate, are expressed as volume per length or volume per 
length per time.
Figure 5. Flow chart showing components of the sediment budget for the Deer 
Creek watershed. Arrows represent routes of probable sediment transfer 
between components.
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SEDIMENT PRODUCTION
HILLSLOPE PROCESSES STREAM PROCESSES
COMPONENTS OF THE SEDIMENT BUDGET
Sediment Production
Landslides
Landslides include all types of slope failure that result in downslope 
movement of sediment. Landslides within the basin were located by aerial 
photographs and field reconnaissance (Figure 6) and landslide volumes were 
measured in the field (Table 2) using a tape measure or range finder. Hillslope 
angle of the slides was measured in the field using an inclinometer. Where 
landslide morphology was complex, geometric approximations of the shape of 
the slide were used to compute volumes. Average depth of failure was 
estimated on the basis of morphology of the landslide scar.
Volume calculations for landslides not measured in the field (Table 2) 
were determined from aerial photographs. The average width of the scar was 
measured on aerial photographs using calipers and the length was calculated 
by measuring the slope length of the scar and dividing by the cosine of the 
slope angle. Failure angle of the slide was assumed to be equal to the hillslope 
angle. Depth of failure was determined by inspection of morphology on aerial 
photographs and comparison with similar-size slides that have field-estimated 
depths. Several of the larger slides, including the Deforest Creek landslide, 
were measured several times using both aerial photographic measurements 
and field measurements. Multiple calculations of volume for the Deforest Creek 
landslide agree within 2%; measurements for the other slides all agreed to 
within 5%.
Landslides within the basin include both midslope and streamside 
failures (Table 2) and were classified by mode and rate of failure (Heller,1981 
and Varnes, 1958). Debris slides have shallow depths (less than 2 meters),
Figure 6. Locations and classifications of landslides within Deer Creek.
Closed circles denote debris slides: open circles, debris flows; 
triangles, slumpflows; squares, earthflows. (classification after 
Varnes (1958) and Heller (1981).
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translational failure planes, and lack a lobate debris toe. Debris flows are 
similar to debris slides, but exhibit evidence of high fluid content during failure 
which facilitates the transportation of debris beyond the base of the slide. 
Earthflows occur in lacustrine clays within the basin. Earthflows are slow- 
moving slumps which fail along multiple rotational failure planes and result in 
tilted vegetation and a series of headscarps. Complex landslides that involve 
both rotational failure and penecontemporaneous wet flowage are termed 
slumpflows (Heller,1981). Slumpflows in Deer Creek occur in deep (> 5 
meters) glacial deposits and have complex failure histories. An initial period of 
slow-moving soil creep leads to the development of a rotational failure plane 
and rapid flowage of material downslope leaving a scar with a prominent 
headscarp. The development of an internal drainage system within the slide 
scar evacuates material from the bottom of the scar causing instability and 
upslope migration of the headscarp. The Deforest Creek landslide (Thompson, 
1988) is an example of slumpflow in Deer Creek.
Streamside Sediment Production
Streamside sediment production occurs by three processes: (1) episodic 
bank erosion, (2) debris torrent erosion, and (3) soil-creep induced bank 
erosion. Streams in the basin were classified by Strahler’s (1957) method of 
stream orders (Figure 7) (Table 3). The drainage network was mapped on 
United States Geological Survey 7.5 minute quadrangle maps using contour 
crenulations as a guide to mapping lowest-order streams (Goudie, 1981). 
Drainage density in the basin using this method is 3.6 km/km^.
Episodic bank erosion- Episodic bank erosion is bank erosion that 
occurs during one or a few major flood events and results in greater than one 
meter of bank retreat. Episodic bank erosion most often occurs on the outside 
of stream meanders (Figure 8), and is distinguished from streamside landsliding
400
Stream Order
Figure 7. Length of each stream order in the Deer Creek basin.
Figure 8. Locations of episodic bank erosion sites and areas of channel scour due 
to debris torrents.
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in this study. Episodic bank erosion involves only the channel bank, while 
streamside landsliding either initiates or has progressed upslope at least 10 
meters above the channel bank. Most episodic bank erosion sites occurred in 
fourth, fifth, or sixth-order streams. Volumes of erosion were measured using a 
range finder or tape measure to obtain failure area (Table 4). The depth of 
failure was measured normal to the slope of the bank. Exposed roots, and in 
some locations straths cut in the glacial deposits, were used to estimate 
magnitude of retreat. If no evidence of the retreat extent was found, a retreat 
depth of 1 meter (Table 4) was assigned. All bank erosion sites were measured 
in the field because these sites are usually obscured on aerial photographs by 
the forest canopy. Consequently, bracketing the time of initiation of bank 
erosion was not possible.
Debris torrent erosion - A debris torrent is a mass movement which 
involves a water-charged mixture of organic and inorganic debris flowing 
rapidly down a steep, pre-existing stream channel. Debris torrent erosion sites 
occur within first, second, and third-order streams (Figure 8). Debris torrents 
alter the channel form, leaving little evidence of the former profile or shape of 
the original channel. The amount of sediment removed by a debris torrent was 
calculated at selected channel cross-section locations. To do this, random 
cross-sectional measurements of unvegetated channels of first, second, and 
third-order streams were surveyed. For each stream order, an average cross- 
sectional area was calculated (Table 5). Next, cross-sections in reaches 
scoured by debris torrents were measured. The difference in area between 
unscoured and debris torrent-scoured cross sections was calculated for each 
debris torrent site. Total debris torrent erosion was then calculated on the basis 
of the length of debris torrent effected reaches in each stream order (Table 5).
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Debris torrent erosion estimates are dependent on three basic 
conditions: (1) the mean cross sections calculated for use in determining the 
pre-torrent profile of the channel must be representative of stream channels 
throughout the basin, (2) the post-torrent channel accurately represents the 
volume of material removed from the channel. In some cases, this may not be 
true, and estimates of debris torrent erosion may be overestimated, and (3) the 
sediment included in the debris torrent volume is assumed to be sediment 
eroded from the hillslope, and not, in part, remobilized sediment from the stream 
channel.
Soil-creep induced bank erosion- Sediment is delivered to the channel 
bank due to soil creep and is subsequently eroded into the channel by lateral 
corrasion of the stream. This soil-creep induced bank erosion occurs by the 
spalling or slumping of small amounts of material into the stream channel.
Creep rates (m3 per meter of stream bank) from Swanston (1981) were used to 
estimate sediment contributions to the stream channel due to creep (Table 6). 
Soil-creep induced bank erosion is a significant source of sediment in the steep 
portions of the Deer Creek basin where first, second, and third order stream 
channels are abundant. In the broader valleys containing the higher-order 
streams, slope angles are lower, and the effects of soil creep are overshadowed 
by sediment delivery processes such as episodic bank erosion, debris torrents, 
and streamside landslides.
The total length (m) of first, second, and third order streams within the 
basin was calculated using a digitizer. The length of channel within each 
stream order involved in episodic bank erosion and debris torrent erosion was 
subtracted out because contributions from these sources are accounted for 
elsewhere. The remaining length of stream channel within each order is the 
channel length subject to soil-creep induced bank erosion (Table 6).
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Production estimates are dependent on rates obtained from the literature for soil 
creep (Swanson, 1981), and may be in error if these rates are not 
representative of conditions in the Deer Creek Basin. A summary of sediment 
production by streamside erosional processes is provided in Table 7.
Slope erosion
Rates of sediment production on hillslopes are influenced by changes in 
land-use. Land-use changes over time were documented by constructing a 
logging and road construction history for the basin. Aerial photographs were 
used to identify portions of the basin logged within each of the five time periods. 
These portions were then plotted on a 1:24,000 map (Figure 4). The area 
(hectares) logged in each time period was then calculated using a digitizer 
(Figure 9) (Table 1). Aerial photographs were also used to determine road 
construction within each time period. The area of the basin occupied by roads 
was subtracted from logged areas and forested areas to prevent double­
counting of sediment yield from road surfaces. Sediment production from roads 
is accounted for in the road-related erosion survey. The specifics of the road 
construction history are discussed further in the text. Processes contributing to 
slope erosion are gullying, sheetwash and rilling. All landsliding on slopes is 
accounted for during landslide investigations.
Sheetwash and rilling- Slope erosion due to sheetwash and rilling was 
calculated using the Universal Soil Loss Equation (USLE) [ Wischmeier and 
Smith, 1978] with the addition of the variable D,
A=RKLSCPD (1)
where R= rainfall and runoff factor, K= soil erodibility factor, LS= 
topographic factor, C= cover and management factor, P= support practice factor, 
and D= sediment delivery to stream channel factor. The addition of the variable 
D in the equation changes the USLE from a soil loss equation to a sediment
Figure 9. Graph showing the total area of the basin logged (ha) and the area logged in 
each of the geologic units during each time period.
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production equation (Kelsey and Raines, 1989, unpublished technical report 
submitted to Six Rivers National Forest, December 22, 1989).
The rainfall and runoff factor R was assigned one value for the Deer 
Creek basin and was calculated using the following equation for the western 
United States (Wischmeier and Smith, 1978)
R=27.38P2-17 (2)
where P is the 2-year, 6-hour rainfall in inches. P= 2.0 inches for the Deer Creek 
basin (NOAA, 1973). Equation (2) yields an R value of 123.2 for Deer Creek.
The soil erodibility factor K was determined using a nomograph ( Figure 
10) (Wischmeier and Smith, 1978). Separate values of K were calculated for
the glacial geologic unit and the bedrock unit (Figure 3). Soil characteristics 
employed in the nomograph were obtained through field observations and from 
the Mount Baker National Forest Soil Resource Inventory (Snyder and Wade, 
1970). For use in the nomograph (Figure 10), soils within the bedrock unit are 
classified as medium to coarse, highly permeable with 30 percent silt and very 
fine sand, 60 percent sand, and 2 percent organic material; and glacial soils are 
described as a very fine granular soil with 40 percent fine silt and very fine 
sand, 30 percent sand, and 2 percent organic material. Using the nomograph, K 
values of 0.19 for the bedrock unit and 0.11 for the glacial unit were obtained.
The topographic factor LS is the product of a length-of-bare slope term, L, 
and a slope steepness factor, S. The L factor was calculated using the equation 
L=[(y)(72.6)-'')'" (3)
where y is the downslope transport distance in feet of sediment mobilized by 
raindrop impact and carried downslope by overland flow (Wischmeier and 
Smith, 1978). The variable y was measured in the field as part of a slope 
erosion survey (Table 8). All slope survey locations had slopes greater than 6 
degrees, so variable m was assigned a value of 0.5 in equation (3) (see page
Figure 10. Soil erodibility nomograph used in the calculation of variable K in the 
Universal Soil Loss Equation (from Wischmeier and Smith, 1978).
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14 of Wischmeier and Smith, 1978). All survey sites had slopes greater than 9 
percent and overland flow distances were consistently less than 4 meters. 
Because of the relatively steep slopes, a revision of the Wischmeier and Smith 
(1978) relation between variable S and hillslope angle was employed 
(Macisaac et al., 1987)
S= 3.0sinB0-8+0.56 (4)
where B is the hillslope angle (degrees).
The cover and management factor,C, represents the ratio of soil lost by 
forested or logged areas of the basin to soil lost from a controlled plot of 
agricultural land which is clean-tilled and fallow (Wischmeier and Smith, 1978). 
The factor C accounts for the decrease in raindrop impact due to canopy cover 
and rock fragments, both of which decrease the probability of soil mobilization 
by sheetwash and rilling. The factor C was calculated by the equation 
C= (b)(m) (5)
where ( b) is the fraction of a particular site that is bare (without a canopy) and 
(m) is the mulch factor. The percentage of bare area (variable b) was estimated
in the field (Table 8). The mulch factor variable (m) was obtained from Figure 6 
of Wischmeier and Smith (1978) utilizing field estimates of the fraction of rock 
fragments on the bare area that were greater than 0.25 mm.
Factor P is the ratio of soil loss on agricultural lands using a specific 
support practice, such as contouring, to the corresponding loss with up-and- 
down-slope culture (Wischmeier and Smith, 1978). There is no cultivated land 
in the Deer Creek basin, so P is assigned a value of P=1 in all calculations.
Factor D is the fraction of sediment mobilized by sheetwash and rilling 
that reaches a drainage channel (Kelsey and Raines, 1989, unpublished). 
Factor D was estimated in the field as part of the slope survey (Table 8). D=1.0 
if all sediment mobilized by sheetwash and rilling reached a stream channel. D
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was assigned a minimum value of 0.01 if a direct means for sediment in the 
bare areas to reach stream channels was not observed.
The logging history was used to classify areas of the basin into three 
land-use categories: (1) areas of the basin logged less than 15 years ago, (2) 
areas of the basin logged more than 15 years ago, and (3) areas of the basin 
that are forest (Table 9). Twelve sample sites within the Deer basin, four sites 
in each of the three land-use categories, were chosen to assess erosion due to 
sheetwash and rilling, and due to gullying, on hillslopes (Figure 11) (Table 8). 
Values obtained from these surveys were used in the LISLE calculations (Table 
10). By overlaying the logging history map (Figure 4) and the geologic map for 
the basin (Figure 3), the area of the basin in each land use category and 
geologic unit for each of the different time periods was calculated (Figure 12) 
(Table 11). The surface area of roads within each category was subtracted out 
to prevent double counting of sheetwash and rilling on both logged slopes and 
roads.
The slope erosion survey data shows a marked difference in the extent 
of sheetwash and rilling between areas on the glacial unit and on the bedrock 
unit (Table 8). As a result, erosion rates due to sheetwash and rilling (A values 
in Table 10) were averaged to obtain a mean production rate of sheetwash and 
rilling for each geologic unit within each land-use category. Old growth areas 
showed no significant difference in sediment production between the glacial 
and bedrock unit and were averaged together ( Table 10). The sheetwash and 
rilling rates obtained (Table 10) were then multiplied by the total area of the 
basin in each land use category, in each geologic unit, within each time period 
to calculate the basin-wide sediment production by sheetwash and rilling on 
hillslopes (Table 11).
Figure 11. Locations of slope survey sample sites.
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Figure 12. Graph showing land-use during each time period.
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GuHvina- Sediment production by gullying on slopes was measured as 
part of the slope erosion survey (Table 8). Gullies are bare-walled channels at 
least 0.01 m2 in cross section that are incised into hillslopes. Gully 
development was more pronounced on logged areas within the glacial geologic 
unit than on the bedrock unit and appears to be absent within areas that have 
not been logged (Table 12).
Gully cross sections were multiplied by the length of gullying on the 
sample site to calculate the volume of sediment removed by gullying from the 
hillslope. Gully yields for the sample sites occurring on the glacial unit were 
plotted against years since harvest. Gully sediment production increases 
rapidly after harvest and then decreases, presumably due to the effects of 
revegetation. A best- fit curve through the data was estimated to obtain 
average yields for each of the five time periods (Figure13). The gully erosion 
data obtained from sample sites on the bedrock unit were difficult to interpret. 
Two sample sites showed no evidence of gullying in the 14 years since harvest, 
while a third site had relatively high gully erosion 30 years after harvest (Figure 
13). There is no apriori reason to assume that gully development is deferred for 
14 years following harvest, then initiates, and progresses to the extent 
suggested by the third site (SE-11). Therefore, that sites SE-1 and SE-2 were 
assumed to represent areas of inherent stability within the bedrock unit where 
gully development is not likely to occur at all, while the third site, SE-11, 
represents an area of the bedrock unit susceptible to gullying. To account for 
this variability, gully yields of these three sample sites were averaged to obtain 
a mean gully yield per hectare for the bedrock unit. The average gully yield 
obtained from these three sites was assumed to represent the maximum 
cumulative gully yield for the bedrock unit. This value then, defines the point on 
a cumulative curve where erosion decreases asymptotically to zero (Figure 13).
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Rgure 13. Graph of cumulative gully yield on slopes for the Deer Creek basin.
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By assuming that the break in slope occurs the same number of years after 
harvest as for the glacial unit, a curve can be drawn which rises from zero to the 
average calculated gully yield and then levels out. Mean cumulative gully 
yields for the bedrock unit for each time period were estimated using this curve 
(Table 12).
Road-Related Sediment Production
Erosion from road surfaces and cutbacks is a significant source of 
sediment in drainage basins in the northwestern United States (Reid and 
Dunne, 1984). Processes contributing to sediment production from roads are: 
(1) sheetwash and rilling from road surfaces, (2) erosion from road cutbacks, (3)
sidecast failures due to construction and grading, and (4) failures of road fills at 
stream crossings. Sidecast failures and road failures at stream crossings are 
accounted for in the landslide inventory (Table 2) or episodic bank erosion sites 
(Table 4) and are not included here.
Annual sediment yields from roads are a function of road use (Reid and 
Dunne, 1984). On an annual basis, heavily used roads contribute as much as 
130 times the sediment contributed by-abandoned roads (Reid and Dunne, 
1984). Roads within the Deer Creek basin were classified as moderate use, 
light use, and abandoned roads corresponding with Reid and Dunne's (1984) 
classifications for moderate use, light use, and abandoned roads. Because 
road use can change over time, aerial photographs were used to construct a 
series of overlay maps illustrating the extent of roads within each road use 
category in each of the time periods (Figure 14). Main arterials in the basin 
were designated as moderate use roads. Roads used only to gain access to 
areas logged during the time period were defined as light use roads. These 
roads are used extensively only for short periods while the clear cut is being 
deveioped. Abandoned roads are typically rendered impassible by the removal
37
Rgure 14. Graph showing the length (km) of each road-use type present within each time 
period.
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of culverts or berming and were identified on aerial photographs by observing 
revegetation of the road surface. The length of each road use type in each time 
period was tabulated (Table 13). Figures 15 through 19 are reproductions of 
these overlays showing roads present within the basin in each time period.
Components responsible for road-related sediment production in this 
budget include sheetwash and rilling from road cutbacks and sheetwash and 
rilling off road surfaces. Erosion from road cutbacks was sampled in the field, 
and sheetwash and rilling from road surfaces was calculated using published 
sediment yields for road surfaces.
Five to six kilometers of road in each road use type were sampled in 
summer 1989 to assess erosion from road cutbacks since road construction 
(Table 14). The locations of the sampled road segments were randomly 
selected within each road use category (Figure 20) At the sample site, 
measurements (Table 14) were taken every 0.1 mile for one mile of road. 
Cutbanks were measured using a tape measure and Jacob's staff. Dividing the 
total volume of material removed from cutbanks by the age of the road gives an 
annual rate of sediment production (Table 14). The calculated rates of cutback 
production of all sites within the same road use category were averaged to 
obtain a mean annual rate of sediment production from road cutbanks (Table 
15). The rate of sediment production was multiplied by the length of road 
present in each time period in the appropriate road use category (Table 15), 
and by the number of years in each time period in order to calculate total 
sediment production from road cutback erosion in each time period (Table 15)
Rates of sediment yield (m3km'1 yf'^) by sheetwash and rilling on road 
surfaces were calculated using the representative sediment yield (tonnes km* 
1yi"^) for each road use type in Reid and Dunne (1984), assuming a road 
prism density of 2.1 gm/cm3. The rates calculated by Reid and Dunne (1984)
Figure 15. Roads present in the basin as of 1956.
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Figure 16. Roads present in the basin as of 1964. ’
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Figure 17. Roads present in the basin as of 1972.
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Figure 18. Roads present in the basin as of 1983.
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Figure 19, Roads present in the basin as of 1989.
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Figure 20. Locations of road survey sample sites. Each triangle marks the center of 
a 1.6 km segment of road used in the survey.
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are annual rates, and assume that road use remains constant throughout the 
year. In Deer Creek, roads are snowbound and frozen from December to April 
and are not used. When these roads are frozen and snow-packed, road-related 
erosion is assumed to be zero. The annual rate of sediment production for each 
road use type (Reid and Dunne, 1984) was converted to a daily rate and then 
multiplied by the number of days each year the roads are in use (214 days) to 
obtain the annual sediment yield by sheetwash and rilling on road surfaces 
(Table 16). The annual yield per kilometer was then multiplied by the current 
length of each road use type, and by the number of years in each time period to 
obtain the total sediment production for each time period (Table 16). Production 
estimates for sheetwash and rilling on road surfaces may be in error if rates 
modified from Reid and Dunne (1984) are not representative of conditions in the 
Deer Creek Basin.
Sediment Storage
Sediment mobilized in the Deer Creek basin during the budget period 
(1942-1989) that has not been transported out of the basin by Deer Creek 
remains stored on hillslopes or within stream channels in the basin. Sediment 
stored within late Pleistocene or Holocene colluvial hollows or within late 
Pleistocene terraces (Ryan et al., 1984) is not inventoried in this budget. 
Mid-siQpe Storage
Mid-slope storage compartments consist of sediment mobilized by 
hillslope failures that did not reach a stream channel. These sediment 
accumulations were mapped in the field as part of the landslide inventory 
(Table 2). Mid-slope storage volumes were calculated using a tape measure or 
a range finder. Current mid-slope storage in the basin is 445,750 m3.
stream Channel Storage
The majority of sediment produced by hillslope processes is transported 
through low-order streams and deposited within the channels of fourth, fifth, and 
sixth-order streams in the Deer Creek basin. Six channel reaches representing 
the major channel storage locations within the basin were identified (Figure 21). 
Time constraints did not allow for detailed surveying of the storage reaches.
The volume of sediment stored within each storage reach was estimated by (1) 
resurveying channel cross sections that were surveyed by Thompson (1988) in 
1986 and 1987, (2) measuring the volume of large mid-channel bars in the 
field, (3) determining the area of the unvegetated channel within each storage 
reach in 1942 and 1989 from aerial photographs and (4) relating changes in 
channel width to changes in sediment storage between 1942 to 1989.
Increases in channel width have been related to excessive sediment input by 
Kelsey (1980) and Grant (1984). Smith and Smith (1984) found a linear 
relationship between increases in channel width downstream from a major 
sediment source and increases in sediment storage within the channel. In this 
study, changes in channel morphology were used to estimate changes in 
sediment storage within the Deer Creek basin.
Cross section data- In the summer of 1989, seven channel cross 
sections located within the storage reaches (Figure 22) were resurveyed. Cross 
sections were measured using an autolevel and stadia rod. All cross sections 
are in self-formed alluvial channels with no bedrock impedance to lateral 
corrasion. The 1989 cross-section survey was compared to Thompson's (1988) 
1986 and 1987 surveys to detect changes in channel morphology (Table 17) 
(Figures 23-25). Aggradation occurred in four sections and scouring occurred 
in three (Table 17). The width of the unvegetated channel increased in three of
Figure 21 Locations of channel storage reaches in the study area.
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Figure 22. Locations of channel cross-section sites within the Deer Creek drainage. 
Two to five transects are present within each site.
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Figure 23. Transects 1-A, 1-B, and 3, showing changes to channel morphology 
between 1986 (dotted line) and 1989 (solid line) (for cross section 
locations, see Figure 22).
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Figure 24. Transects 4-2 and 5, showing changes to channel morphology between 
1986 (dotted line) and 1989 (solid line) (for cross section locations, see 
Figure 22).
60
E 0)«>Q)k.(D
m
et
er
s
Figure 25. Transects 6 and 7-B, showing changes to channel morphology between 
1986 (dotted line) and 1989 (solid line) (for cross section locations see 
Figure 22).
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the seven cross sections and in all three cases, channel widening was 
accompanied by net aggradation in the channel. The average change in 
storage considering all seven cross sections was 12.6 m3 of aggradation per 
cross-sectional width of channel. The average change in width of unvegetated 
channel for all seven cross sections was 3.4 meters of increased width (Table 
17).
Field measurements of channel storage- During the summer of 1989, the 
channels of each of the six storage reaches were examined to estimate the 
amount of sediment stored within the unvegetated to partially-vegetated 
channel. Within each storage reach, two types of sediment, temporarily-stored 
sediment and mobile sediment were identified. Temporarily-stored sediment 
consists of medial or lateral bars that are partially vegetated (Figure 26). Mobile 
sediment, which is unvegetated, is sediment in the active channel that is 
mobilized annually (Figure 26).
Medial and lateral bars containing temporarily-stored sediment typically 
rise one to two meters above the thalweg. In the field, these bars were marked 
on aerial photographs and the volume within the bars was measured using a 
tape measure. The bars were often vegetated by perennial grasses, small 
schrubs, or immature alders. Vegetation observed on the surface of these bars 
was no more than five or six years old, indicating that this sediment is probably 
mobilized every five to ten years during major storm events.
In order to determine volume of stored sediment, channel width was 
measured at 100 meter intervals from 1987 aerial photographs. Aerial 
photographic measurements of channel width and field measurements of 
channel width at 18 locations along the channel showed agreement within 10 
percent. Widths within each reach were averaged to obtain a mean channel 
width for each storage reach (Table 18, column 2). Mean channel width was
Figure 26. Illustration depicting mobile and temporarily-stored sediment storage 
compartments within the storage reaches in the Deer Creek basin.
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then multiplied by the length of each storage reach to obtain the total area of the 
reach (Table 18). The area within each reach occupied by temporarily-stored 
sediment was subtracted from total area to obtain the area of the channel 
occupied by mobile sediment. Maloy (1988) determined that during the winter 
of 1987-1988, Deer Creek remobilized sediment to a depth of 400 mm. Based 
on this observation, the volume of mobile sediment was calculated using a 
depth of 400mm (Figure 26). Total sediment storage within each reach was 
calculated by adding the volume of mobile and temporarily-stored sediment 
(Table 18).
The mean channel width of the storage reaches was also calculated from 
1942 aerial photographs using the same procedure (Table 19). By comparing 
the morphology of mid-channel bars on the 1987 aerial photographs to those 
observed on the 1942 photographs, I was able to identify areas of the 1942 
channel containing temporarily-stored sediment. The area of temporarily- 
stored sediment in the channel was measured. However, the elevation of these 
bars above the thalweg could not be determined. To address this problem, the 
thicknesses of all temporarily-stored sediment compartments measured in 1989 
were averaged to obtain a mean thickness of 1.64 meters. This depth (1.64 
meters) was used to calculate the volume of temporarily stored sediment in the 
channel as of 1942 (Table 19). The volume of mobile sediment contained 
within the 1942 unvegetated channel was calculated by assuming a depth of 
400 mm in areas of the channel not occupied by temporarily-stored sediment 
(Table 19).
Sediment Output
The sediment output component of the sediment budget is the volume of 
sediment transported by Deer Creek past the confluence of Rick Creek. 
Sediment output can be estimated by taking the sum of all sediment production
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during the budget period and subtracting the amount of material currently in 
storage within the stream channel that was not present at the start of the budget 
period.
The volume of sediment delivered to the stream by all production 
processes during the budget period was 5,143,000 m3 (Table 20). Channel 
storage increased from 240,560 m3 to 429,540 m3 for a net change of 189,000 
m3 (Figure 27). Output from the Deer Creek basin is therefore 4,954,000 m3. 
This translates into an erosion rate of 770 m3km‘2yr‘', or by assuming an 
average density of 1.9 g cm‘3,1460 tonnes Rm'^yrl for the basin.
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Graph of the amount of sediment stored within each of the storage reaches in 
1942 and 1989.
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DISCUSSION 
Sediment Production
Midslope and streamside landslides are responsible for the majority 
(76%) of sediment production in the Deer Creek basin (Table 21). As of 1989, 
197 failures have contributed 3,929,300 m3 of sediment to the Deer Creek 
channel (Table 2) (Figure 28). Debris slides were the most common failure 
class, involving 64% of all events. Debris flows accounted for 21% of the failure 
events and earthflows accounted for 2% of the failures. Slumpflows accounted 
for 12% of the slides in the basin, but were responsible for 81% of the total 
sediment mobilized by landslides because of the influence of the Deforest 
Creek landslide (see below). The glacial geologic unit was more prone to 
failure than the bedrock unit. One hundred and twenty one failures occurred in 
the glacial unit, which encompasses 26% of total basin area; whereas 76 
failures occurred in the bedrock unit, which encompasses 74% of total basin 
area (Figure 2). Landslide density on logged areas varied from 4.4 
Iandslides/km2 on the glacial unit to 1.7 Iandslides/km2 on the bedrock unit. 
Landsliding during the budget period involved 1.2% of the total area of the 
glacial unit and 0.4 % of the total area of the bedrock unit.
Streambank erosional processes accounted for 12% of sediment 
production in the basin. Most of this production (51 %) was the result of debris 
torrent erosion occurring in first, second, and third-order streams (Table 7) 
(Figure 29). Episodic bank erosion occurred in all stream orders and accounted 
for 30% of the streambank sediment production. The remaining 19% of 
streambank erosion was due to soil-creep induced bank erosion.
Hillslope erosion by sheetwash and rilling, or by gullying, accounted for 
9% of total sediment production (Figure 30) (Table 21). Road-related erosion.
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Figure 28. Graph of the volume of sediment delivered to stream channels by landsliding in 
the Deer Creek basin during each time period.
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Figure 29. Graph illustrating the relative magnitude of streambank erosional 
processes in each stream order.
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Rgure 30. Graph showing the volume of material produced by hillslope processes during 
each time period.
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the final component, accounted for 3% of total sediment production (Figure 31) 
(Table 21). The relatively low magnitude of road-related erosion does not 
indicate that roads are a relatively unimportant source of sediment. Roads have 
contributed substantially to sediment production to the extent that landslides 
and debris torrents are often associated with logging roads (see below).
The Deforest Creek Landslide
The Deforest Creek slide deserves special attention because of the 
impact of this one landslide on the sediment budget for the Deer Creek basin . 
The Deforest Creek landslide (Table 2, site number 301) is the largest point 
source of sediment in the basin, accounting for 50 percent of all sediment 
production during the budget period. The rate of headward retreat of the 
Deforest Creek slide has slowed from 0.18 meters/day in 1987 (Thompson, 
1988) to 0.07 meters/day in 1989 (Figure 32). In terms of production, the 
decrease in the rate of headward retreat has been offset by a concurrent lateral 
expansion of the headwali. Width of the slide near the headwall has increased 
from 70 m in 1987 to 131 m in 1989 (Figure 32). Calculations based on rates of 
headwall and sidewall retreat from the slide indicate that annual sediment 
production has remained at about 300,000 m^yr"' since 1987. The slide 
presently shows no signs of stabilizing. An older debris flow, immediately south 
and west of the headwall of the Deforest Creek slide (Figure 32), became 
reactivated during a storm in November, 1989. The reactivated flow eroded 
headward to within 50 m of the Deforest Creek slide (Figure 32). The impact the 
debris flow will have on the larger Deforest Creek landslide is unclear, but it 
may reduce the activity of the Deforest Creek slide by diverting groundwater 
flow away from the headscarp.
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Figure 31. Graph showing the volume of material contributed by road-related erosion during 
each time period.
Figure 32. Deforest Creek landslide and surrounding area: areal extent in 1983, 
1986,1987, and 1989.
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Particle Size of Sediment Delivered to Channels: Comparison With
Channel Storage Estimates
Particle size data obtained during field surveys was used to estimate the 
volume of sediment produced to the Deer Creek channel that was finer than .25 
mm (Table 22). Sediment finer than .25mm would be largely transported out of 
the basin as suspended sediment, so that the total volume of remaining coarser 
material would represent the maximum amount of sediment that could go into 
storage in the basin between 1942 and 1989. Coarse (>.25mm) sediment 
supplied to the Deer Creek channel by all processes was 2,453,700 m3. 
Approximately 90% of the sediment contained in gravel bars in the Deer Creek 
channel is greater than .25mm in diameter and about 10% is finer (< .25mm) 
(Maloy, 1988). Therefore, the estimate of the potential volume of material that 
could be stored in gravel bars was supplemented by an additional 10% to 
determine the maximum volume of material potentially put into storage between 
1942 and 1989. This volume (2,699,200 m3) must be significantly greater than 
the actual amount of increased storage because some of the coarse sediment 
has been transported out of the basin as bedload between 1942-1989.
The maximum limit to sediment storage volume, as indicated by the 
particle size analysis, is six times greater than channel storage estimates from 
field and aerial photographic analysis (Tables 18 and 19). The difference is 
mainly due to bedload transport out of Deer Creek, as mentioned above, but the 
difference may in part be due to underestimation of channel storage. The cross- 
section data (Table 17) suggests that as channel width increases, storage 
within that area of the channel may increase by a factor of 3 or 4, not by a factor 
of 1 as assumed in the survey. The actual change in channel storage from 
1942 to 1989 therefore is probably somewhat greater than 180,000 m3, but
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substantially less than 2,699,200 m3. Based on these observations, channel 
storage was estimated to be from 1,000,000 to 1,500,000 m3.
Climatic Variations and Sediment Production
Landslides often occur after prolonged or high-intensity precipitation 
events (Pierson, 1977; Ritter, 1984). To evaluate the relationship between the 
frequency of high-intensity precipitation events and the frequency of landsliding 
in the Deer Creek basin, precipitation records (NOAA 1931-1988) for the 
Darrington Ranger Station, located 25 km southeast of the Deer Creek basin 
(Figure 1) were used. Both the number of storms and the precipitation amounts 
for storms contributing ^75 mm in 48 hours were inventoried. The precipitation 
record was sub-divided into time segments corresponding to the aerial 
photographic time periods used in the sediment budget.
Average annual precipitation for the period of record (1942-1988) was 
2055 mm (Figure 33). A three-point running average of total annual 
precipitation revealed no significant trends in average annual precipitation for 
the time periods between 1942 and 1983. Average annual precipitation for 
each time period ranged from a minimum of 2062 mm (1957-1964) to a 
maximum of 2131 mm (1964-1972). All time period averages were within 4% of 
the mean annual precipitation from 1942-88. The most recent time period 
(1983-1988) has been dryer, averaging 1678 mm.
To assess the impact of storms, the temporal distribution of the number 
of ^75 mm-in-48-hour storms, the 10 largest storms, and the 10 wettest years 
were compared (Figure 34). The overall climatic patterns for 1942-1956 and 
1972-1983 were similar (Figure 34). However, the number of new landslides 
occurring within these two time periods differs greatly. There were four 
landslide starts from 1942-1956, compared to 110 from 1972-1983 (Figure 34).
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Figure 33. Graph showing three-point-running-average of annual precipitation at the 
Darrington Ranger station from 1931 to 1988.
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Figure 34. Graph depicting the relationship, and temporal distribution of; storms ^ 75 
mm- 48 hours, the distribution of the 10 wettest years, the 10 largest
storms, and the number of new landslides within each time period.
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It was concluded that climatic variations do not obviously account for the 
increase in landsliding and overall sediment production observed during the 
budget period.
Effects of Management on Sediment Production
The rate of sediment production to the Deer Creek channel has 
increased significantly between 1942 and 1989, and much of the increase is 
attributable to management activity. Hillslope erosion due to sheetwash and 
rilling will increase to some degree as canopy cover is removed by logging. 
Gully developement was not observed within forested areas of the basin, but 
was a significant erosional component within logged areas. Road-related 
erosion increased steadily as the length of roads present in the basin 
increased. In addition, roads in the Deer Creek basin can be related with 
certainty to at least 34 of the landslides accounted for in the landslide inventory. 
These were failures that initiated in cutbanks or sidecast material immediately 
adjacent to roads. Roads have also played an integral part in the initiation of 
several debris torrent events. These events occurred when debris and 
sediment obstructed normal streamflow through culverts. Water and debris 
contained behind these culverts caused failure of the roadbed and subsequent 
channel scour.
The frequency of debris torrents increases with management activity. On 
the 1942 aerial photographs, there were no instances of channel scour due to 
debris torrent events. Two debris torrent tracks are present on the 1956 series 
aerial photographs and both tracks occurred within areas of the basin that had 
been logged. Inspection of aerial photographs from 1964, 1972, 1983, and 
1987 identified 29 sites of debris torrent erosion involving more than 20,000 
meters of stream channel (Table 5). These debris torrents were initiated within 
logged areas of the basin in 27 of the 29 sites (Figures 4 and 8). The torrent
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tracks from the two pre-1956 events are readily visible on the 1987 
photographs. Because torrent tracks persist in the aerial photographic record 
for at least 30 years, it appears that no major debris torrent events occurred in 
the basin between about 1910 and 1942. The prevalence of debris torrent 
events within managed areas of the basin, and their apparent absence prior to 
1942, suggests that debris torrents are facilitated by management activity.
The majority of the increase in sediment production during the budget 
period can be attributed to a progressive increase in the number and frequency 
of hillslope failures from 1942 to 1983 (Figure 35). Inspection of the hydrologic 
data for the area indicate that the increase in hillslope failures does not appear 
related to fluctuations in precipitation or storm frequency for the period. There 
is, however, a temporal relation between logging activity in the basin and the 
frequency of landsliding during the five bracketed time periods (Figure 35). 
Eighty-seven percent of the landslides initiated during the budget period failed 
within areas of the basin that had been logged, and the number of failures was 
roughly proportional to the area logged during that time period (Figure 36).
82
Time Period
Figure 35. Graph showing the relationship between the number of landslide starts, 
and the area of the basin logged within each study period.
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Rgure 36.
V
Cumulative plot of logging activity and landslides, illustrating the 
proportional relationship between landslide starts and area of the basin 
logged.
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CONCLUSIONS
The methods employed in this sediment budget (1942-1989) allowed for 
the rapid evaluation of sediment production and transfer in a relatively large 
basin (137 km^)- Sample surveys, and extensive aerial photographic 
interpretation limited the amount of necessary field work to two months. 
Fieldwork concentrated on the quantitatively most important components, in this 
case, landsliding and streamside erosion. Sample surveys were used to obtain 
rates of erosion from roads and hillslopes within similar land-use and road-use 
categories.
In the Deer Creek basin, landsliding, debris torrents and gullying on 
slopes accounts for more than 90% of all sediment delivered to the Deer Creek 
channel (Table 21). Areas of the basin covered by thick glacial deposits are 
significantly more prone to failure than are areas within the bedrock unit (Figure 
2). Landslide density was higher on the glacial unit (4.4 landslides/km^) than 
on the bedrock unit (1.7 landslides /km^). In addition, 23% of all hillslope 
failures during the budget period occurred at or near the boundary between the 
two geologic units (figure 37), where lithologic and, presumably, hydrologic 
characteristics change quickly. Areas near the break-in-slope of the glacial 
terraces forming the inner gorge of Deer Creek are also highly unstable.
Failures frequently initiated at or near the break-in-slope on these terraces.
The sediment budget for Deer Creek is unusual in that it is dominated by 
the effects of one landslide. The Deforest creek slide accounts for nearly 50% 
of all sediment production during the budget period (1942-1989). In addition, 
the debris fan associated with the Deforest Creek landslide accounts for nearly 
20% of the increase in channel storage since 1942. The slide showed no
Figure 37. Combination landslide and geologic map illustrating the relationship 
showing failures at the contact between the two geologic units.
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evidence of stabilizing as of fall 1989, and the landslide will be a persistent 
sediment source in the basin in the near future.
Most sediment produced from hillslopes in the basin is transported 
through the first, second, and third-order streams and deposited within the 
fourth, fifth, and sixth-order channels. Aggradation and channel widening of the 
high-order streams has resulted from excessive sediment yield to channels 
during the budget period. Aerial photographs and 1989 field measurements 
suggest there has been a 100% increase in channel storage over the budget 
period.
Although not measured directly, measurement of output using the 
sediment budget suggests an average sediment yield of 770 m3 km‘2 yr"' for 
the period from 1942 to 1989. However, the calculation of an average erosion 
rate for the Deer Creek basin during the budget period are substantially 
influenced by the effects of the Deforest Creek slide, which initiated in 1983. It 
is reasonable to assume that erosion rates were lower than 770 m3 km‘2 yr^ 
prior to 1983, and are significantly higher at present.
Much of the increase in sediment production that has occurred during 
the budget period can be attributed to management activity within the basin. 
Over 90% of the sediment production in the basin is derived from landsliding, 
debris torrents, and gullying on slopes, all of which appear to be facilitated by 
management activity. Areas within the glacial unit appear to be particularly 
sensitive to the effects of logging and road construction. Sediment production 
in the basin would be substantially reduced if areas within the glacial unit were 
avoided during future logging and road building activity in the basin.
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Table 1. Area logged (hectares) in the upper Deer Creek drainage during each time period, 
separated by geologic unit.
Time period* Hectares** 
logged in 
glacial unit***
Hectares 
logged in 
bedrock 
unit****
Hectares 
logged in 
both 
geologic 
units
Percent 
of total 
area 
logged
Percent 
of total 
basin area' 
logged
1952-1956 625 298 923 15% 7%
1956-1964 384 382 766 12% 6%
1964-1972 786 1194 1980 32% 15%
1972-1983 509 1899 2408 39% 19%
1983-1989 81 39 120 2% 1%
Total 2385 3812 6197 100% 48%
‘Time periods are bracketed by aerial photographs. 
“1 hectare= 10000 square meters.
***^he glacial unit covers those areas of the basin with >5 meters of till, glacio-lacustrine, 
outwash, or glacial terrace deposits.
****The bedrock units are areas of rock outcrop or those areas with < 5 meters 
of unconsolidated cover
^Total basin area = 12844 hectares.
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Table 3. Length of the different stream orders within the upper Deer Creek drainage 
using Strahler (1957) method
Stream Order Length (km)
1 314.8
2 106.7
3 36.5
4 20.5
5 5.4
6 4.9
102
Table 4. Streambank sediment production due to episodic bank erosion.
Site Geol. Stream ■ Slope Length Measured Sediment Fraction Sediment
number* Bed- order*** area along bank to stream of < .25mm
rock=1 (m''2) channel retreat (m''3) sediment delivered
Glacial=2** (m) (m) < or = to to stream
0.25mm (m''3)
141 2 1 940 94 2 1880 0.6 1128
147 2 1 6894 300 2.5 17235 0.5 8618
148 2 1 1960 196 4 7840 0.5 3920
206 1 1 9383 936 3 28150 0.4 11260
222 2 1 1859 261 - 1 1859 0.6 1115
502 1 1 444 37 0.5 222 0.4 89
503 1 1 440 44 0.5 220 0.4 88
505 1 1 600 60 0.5 300 0.4 120
107 1 2 332 83 1 332 0.8 266
108 1 2 224 56 1 224 0.8 179
128 1 2 5592 233 1 5592 0.7 3914
152 1 2 11106 383 0.5 5553 0.6 3332
218 2 2 2700 100 1 2700 0.6 1620
219 2 2 2566 112 2 5132 0.6 3079
405 2 2 1980 22 2 3960 0.8 ■ 3168
420 2 2 2535 65 2 5070 0.6 3042
445 2 2 1380 69 1 1380 0.6 828
457 1 2 2835 105 1 2835 0.4 1134
512 2 2 742 53 1 742 0.4 297
109 1 3 30 10 2 60 0.8 48
111 1 3 1040 52 4 4160 0.5 2080
116 2 3 608 16 1 608 0.5 304
124 2 3 800 100 1 800 0.4 320
125 2 3 780 60 1 780 0.4 312
126 2 3 480 24 1 480 0.4 192
210 1 3 9540 180 0.5 4770 0.5 2385
257 2 3 1008 72 2 2016 0.7 1411
311 1 3 425 25 1 425 0.5 213
117 2 4 782 17 1 782 0.5 391
203 1 4 1088 68 10 10880 0.8 8704
229 2 4 210 30 3 630 0.75 473
246 2 4 1232 44 2 2464 0.8 1971
249 2 4 5720 110 2 11440 0.4 4576
461 2 4 512 32 2 1024 0.8 819
464 2 4 594 27 1 594 0.8 475
465 2 4 702 54 1 702 0.8 562
476 2 4 809 33 2 1617 0.7 1132
516 2 4 630 30 1 630 0.8 504
517 2 4 2352 49 2 4704 0.8 3763
524 2 4 460 46 1 460 0.8 368
525 2 4 432 36 1 432 0.8 346
526 2 4 672 56 1 672 0.8 538
137 2 5 2560 80 1 2560 0.8 2048
144 2 5 2560 80 1 2560 0.8 2048
145 2 5 1560 60 5 7800 0.8 6240
156 2 5 1810 45 3 5430 0.7 3801
157 2 5 1080 90 2 2160 0.8 1728
158 2 5 120 40 2.5 300 0.8 240
159 2 5 980 80 1 980 0.8 784
221 2 5 3328 544 1 3328 0.6 1997
431 2 5 2482 73 1 2482 0.8 1986
432 2 5 4851 77 1 4851 0.8 3881
433 2 5 1716 33 1 1716 0.8 1373
103
434 2 5 1534 59 1 1534 0.8 1227
435 2 5 2638 146 1 2638 0.8 2110
448 2 5 2678 103 1 2678 0.8 2142
510 2 5 - 780 39 1 780 0.4 312
Total 116100 5930 184150 111000
Erosion due to episodic bank erosion in 1st order streams 57700
Erosion due to episodic bank erosion in 2nd order streams 33520
Erosion due to episodic bank erosion in 3rd order streams 14100
Erosion due to episodic bank erosion in 4th order streams 37030
Erosion due to episodic bank erosion in 5th order streams 41800
'First digit of site number denotes sub-basin; 1= Little Deer creek, 2= Rick creek, 3= Deforest creek, 
4= Upper Deer creek, 5= Higgins creek.
” Bedrock areas are defined as outcropping bedrock areas or areas with a soil veneer of less than 
two meters. Glacial areas include those areas of the basin with greater than two meters of till, 
glacial-lacustrian, or glacial-outwash gravel.
Stream order determined according to Strahler method (1957).
Table 5. Sediment production from debris torrents in first, second, and third-order streams.
1 2 3 4 5 6 7 8 9
Site Geology Land- Stream Typical cross- Length of Volume of Volume of Volume
number* Bedrock=1 use*** order sectional area active active active of sediment
Glacial=2** of active channel channel channel eroded
channel subjected prior to after from
prior to debris to erosion debris debris channel
torrent by debris torrent torrent due to
erosion. torrent erosion erosion debris
separated by (m) (column 5x (m''3)**** torrents
stream order column 6) (column 8-
(m^2) (m''3) column 7)
(m''3)
TT102 1 2 1 0.795 81 64 972 908
TT103 2 2 1 0.795 122 97 1464 1367
TT107 2 2 1 0.795 300 239 4500 4261
TT108 1 2 1 0.795 196 156 7840 7684
TT203 1 2 1 0.795 313 249 3130 2881
TT204 1 2 1 0.795 121 96 1210 1114
TT206 2 2 1 0.795 105 83 788 705
TT207 1 2 1 0.795 936 744 28080 27336
TT209 2 2 1 0.795 261 207 2349 2142
TT402 1 2 1 0.795 244 194 3904 3710
TT409 1 2 1 0.795 730 580 13140 12560
TT410 2 2 1 0.795 609 484 9135 8651
TT104 1 2 2 11.98 1311 15732 31464 15732
TT109 2 2 2 11.98 383 4596 5554 948
TT202 2 2 2 11.98 410 4920 11480 6560
TT205 2 2 2 11.98 487 5844 9740 3896
TT208 2 2 2 11.98 544 6528 8568 958
TT210 2 2 2 11.98 122 1464 1464 0
TT401 1 1 2 11.98 488 5856 17568 11712
TT403 1 2 2 11.98 182 2184 2912 728
TT404 2 2 2 11.98 152 1824 8208 6384
TT406 1 2 2 11.98 243 2916 2916 0
TT408 1 2 2 11.98 975 11700 23400 11700
TT501 2 2 2 11.98 426 5112 11502 6390
TT502 1 2 2 11.98 1250 15000 33750 18750
TT503 1 2 2 11.98 1439 17268 38853 21585
TT101 2 2 3 32.92 608 20003 12160 -7843
TT105 2 2 3 32.92 670 22043 46900 24857
TT106 1 2 3 32.92 731 24050 70176 46126
TT201 1 2 3 32.92 3048 100279 228600 128321
TT405 2 2 3 32.92 335 11022 6030 -4992
TT407 1 2 3 32.92 240 7896 2880 -5016
TT411 2 2 3 32.92 1097 36091 15358 -20733
TT504 2 1 3 32.92 853 28063 34120 6057
Total 20012 353584 700115 345440
Erosion due to debris torrents in 1 st order streams - 73320
Erosion due to debris torrents in 2nd order streams » 105340
Erosion due to debris torrents in 3rd order streams = 166780
•First digit of site number denotes sub-basin: 1- Little Deer Creek, 2= Rick Creek, 3= Deforest Creek,
4- Upper Deer Creek, and 5» Higgins Creek.
••Bedrock unit is defined as outcrop or areas with < 5 meters of till or soil cover.
Glacial unit is defined as till, outwash, or lacustrine deposits > 5 meters in depth.
•••1- areas of the basin that have not been logged, 2= areas of the basin that have been logged.
••••Length of scoured channel multiplied by the average post-torrent, cross-sectional area.
Table 6. Sediment production by soil-creep induced bank erosion in first, second 
and third-order streams.
Stream
order
Length of 
streams 
subject to 
soil-creep 
induced 
bank 
erosion 
(m)
Rate of 
delivery 
of
sediment 
to the 
stream 
channel 
due to 
soil creep* 
(m^3/m/yr)
Average 
height 
of stream 
bank 
in each 
stream 
order 
(m)
Annual 
sediment 
contribution 
to the stream 
channel 
due to 
soil creep 
(m''3/yr)
Total 
sediment 
yield by 
soil-creep 
induced bank 
erosion 
for budget 
period 
1942-1989 
(m^'O)
1st 308854 0.006 0.5 927 43550
2nd 96318 0.006 0.9 520 24450
3rd 27407 0.006 1.7 280 13140
Total 81140
‘Average value for soil creep on the west coast of North America obtained from Swanston 
(1981). (Rates are multiplied by 2 because creep occurs on both sides of the stream 
channel)
Table 7. Summary of sediment production (m''3) due to streambank erosion processes.
Stream
order
Sediment 
production 
by episodic 
bank 
erosion 
(m''3)
Sediment 
production 
by debris 
torrent 
erosion 
(m''3)
Sediment 
production 
by soil-creep 
induced 
bank 
erosion 
(m''3)
Total 
sediment 
production 
due to all 
streambank 
erosion 
processes 
(m''3)
1st 57700 73320 43550 174570
2nd 33520 105340 24450 163310
3rd 14100 166780 13140 194020
4th 37030 0 0 37030
5th 41800 0 0 41800
Total 184150 345440 81140 610730
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Table 9. Land use within the Deer Creek basin during each time period.
Time period 
bracketed 
by aerial 
photographs
Area of the 
basin logged 
more than
15 years prior 
to the end of 
time period 
(ha)
Area of the 
basin logged 
less than
15 years prior 
to the end of 
time period 
(ha)
Area of the 
basin not 
logged 
(ha)
Total
basin
area
(ha)
1952-1956 0 923 11921 12844
1956-1964 0 1689 11155 12844
1964-1972 923 2746 9175 12844
1972-1983 1689 4388 6077 12844
1983-1989 3669 2528 6647 12844
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Table 11. Sediment yield from slope erosion due to rilling and sheetwash.
Time Years in Geology Land use Hectares USLE Annual Total sediment Total
period time 1=bedrock category** logged in erosion sediment yield per land sediment
period 2=gladal* each land rate*** yield per use category yield
bracket use 1(m*3/ha/yr) land use in each time during
category category period time
(m''3/yr) bracket period
(m^3) (m''3)
1952- 4 2 <15 615 1.81 1115 4460
1956 4 1 <15 294 0.0027 0.8 3
4 1 and 2 OG 11920 0.00007 0.8 3 4466
1956- 8 2 <15 994 1.81 1803 14424
1964 8 1 <15 669 0.0027 2 16
8 1 and 2 OG 11155 0.00007 1 8 14448
1964- 8 2 >15 621 0.32 200 1600
1972 8 1 >15 291 0.085 25 200
8 2 <15 1157 1.81 2098 16785
8 1 <15 1556 0.0027 4 32
8 1 and 2 OG 9158 0.00007 0.6 5 18622
1972- 11 2 >15 1001 0.32 322 3540
1983 11 1 >15 665 0.085 56.8 625
11 2 <15 1280 1.81 2321 25533
11 1 <15 3064 0.0027 8 99
11 1 and 2 OG 6059 0.00007 0.5 6 29803
1983- 6 2 >15 1780 0.32 572 3432
1989 6 1 >15 1843 0.085 157 942
6 2 <15 582 1.81 1055 633
6 1 <15 1922 0.0027 5 30
6 1 and 2 OG 6639 0.00007 0.5 3 10767
Total (rounded to the nearest 10 m''3) 78110
“Geologic units are defined in caption for table 1.
**<15, areas of the basin logged within the last 15 years.
>15, areas of the basin logged more than 15 years ago.
CX3, forested areas that have not been logged.
***Mean "A" values for glacial or bedrock units within land use calagories as calculated in Table 10.
Table 12. Sediment production from slopes due to gully erosion.
Time
Period
Years
since
harvest*
Area 
logged 
on bed­
rock unit 
(ha)
Area
logged
on
glacial
unit
(ha)
Cumulative 
gully yield 
on bedrock 
unit since 
harvest 
(m^3/ha)"
Cumulative Gully yield Gully yield 
gully yield from from
on glacial bedrock glacial
unit since unit unit
harvest (m''3) (m^'3)
(m''3/ha)"
Total
gully yield 
(m-'O)
1952-1956 35 298 625 10 195 2980 121875 124855
1956-1964 29.5 382 384 9 190 3438 72960 76398
1964-1972 21.5 1194 786 7 170 8358 133620 141978
1972-1983 12 1899 509 2.2 90 3798 45810 49608
1983-1989 3 39 81 0.025 2 1 162 163
Total 18570 374430 393000
'Number of years from 1989 to the median of each time period
'Gully yields were derived from Figure 10 (see text for further expanation of methods).
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Table 13. Logging road lengths (km) classified by aerial photograph time period and type of use.
Time period Moderate use 
logging road* 
(km)
Light use 
logging road* 
(km)
Adandoned 
logging road* 
(km)
Total length 
of roads in the 
Deer Creek 
basin 
(km)
1952-1956 ' 13.1 22.1 0 35.2
1956-1964 25.1 31.8 21.9 78.8
1964-1972 30.7 94.5 37.2 162.4
1972-1983 30.3 105.9 65.3 201.5
1983-1989 30.3 59.6 123.6 213.5
*Road use corresponds to Reid and Dunne’s (1984) classifications for moderate use,
light use, and abandoned roads.
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Table 15. Sediment production from road cutbanks.
Time Road use Length Rate of
period classifi­ of roads sediment
cation* in each 
category 
in basin 
during 
specified 
time period 
(km)
production**
(m^3/km/yr)
1952-1956 M 13.1 14.7
L 22.1 18.35
A 0 3.03
1956-1964 M 25.1 14.7
L 31.8 18.35
A 8.9 3.03
1964-1972 M 30.7 14.7
L 94.5 18.35
A 24.4 3.03
1972-1983 M 30.3 14.7
L 103.2 18.35
A 55.3 3.03
1983-1989 M 30.3 14.7
L 59.6 18.35
A 110.8 3.03
Total (rounded to nearest 10 m^3)
Annual Duration Sediment Total
Sediment of time production cutbank
Production period for each road erosion
(m*3/yr) (years) type during 
time period 
(m*3)
per time 
period 
(m''3)
193 4 770
406 4 1622
0 4 0
2392
369 8 2952
584 8 4668
27 8 216
7836
451 8 3610
1734 8 13873
74 8 591
18074
445 11 4900
1894 11 20831
168 11 1843
27574
445 6 2672
1094 6 6562
336 6 2014
11249
67130 67130
*M- moderate use road (see table 13 for further information on road classifications).
L» light use road
A= abandoned road
Rates represent the mean erosion rate for each road classification (see Table 14).
Table 16. Rilling and sheetwash erosion from road surfaces using annual road sediment 
modified from those of Reid and Dunne (1984).
Time Road Length of Annual Annual Years Sediment Total
period classi­ road cate­ sediment sediment at production sediment
fication* gory in contribution** yield annual for each production
basin
(km)
(m''3/km) for each 
road-use 
type 
(m''3/yr)
rate road-use 
type per 
time period 
(m*3)
for time 
period 
(m''3)
1952-1956 M 13.1 51.4 673 4 2692
L 22.1 4.3 95 . 4 380
A 0 1.1 0 4 0 3072
1956-1964 M 25.1 51.4 1290 8 10320
L 31.8 4.3 136 8 1088
A 8.9 1.1 10 8 80 11488
1964-1972 M 30.7 51.4 1578 8 12624
L 94.5 4.3 404 8 3232
A 24.4 1.1 27 8 216 16072
1972-1983 M 30.3 51.4 1557 11 17127
L 103.2 4.3 442 11 4862
A 55.3 1.1 61 11 671 22660
1983-1989 M 30.3 51.4 1557 6 9342
L 59.6 4.3 225 6 1350
A 110.6 1.1
Total (rounded to nearest 10 m*3)
122 6 732 11424
64720
*M= moderate use road (see table 13 for further information on road classification)
L= light use road.
A= Abandoned road
“Seasonal rates were calculated by converting average sediment yield of Reid and Dunne (1984)
from tonnes/km/yr to m''3/km/day by assuming a road prism density of 2.1 gm/cm''3. This value 
was then multiplied by the average number of days the road is subject to use (214 days) each 
year to obtain an annual yield. Roads within the basin are frozen and not open for use an 
average of 151 days a year, and are not subject to erosion during this time.
Table 17. Summary of cross-section data showing net change in cross-sectional area and 
channel width between Septembers 986 and Augusts 989.
Cross-section 
number 
(see Figure 18)
Aggradation
(+)
(m*2)
Scour
(-)
(m''2)
Net change 
in storage 
(m''2)
Increase in 
channel 
width 
(m)
1-A 37 13.5 23.5 4.6
1-B 7.7 12.55 -4.86 NC*
3 14.7 8.44 6.26 NC*
4-2 62.8 8.95 53.8 9
5 3.27 4.97 -1.7 NC*
6 0 51.4 -51.4 NC*
7-B 93.22 32.16 61.1 10
Average 12.6 3.4
‘Indicates no change in unvegetated channel width
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Table 20. Calculation of sediment output from the Deer Creek study area, 1942-1989; 
output= sediment production - change in storage.
Volume of 
sediment 
in each 
component 
(m^3)
Total
sediment
production
(m-'3)
Change 
in storage 
(m''3)
Output from 
the Deer Creek 
basin 
(m''3)
SEDIMENT PRODUCTION
Landslides
Streamside erosion
Hillsiope erosion 
Road-related erosion
3929300
610730
471110
131850
5143000
CHANGE IN STORAGE
Change in channel storage 189000 189000
OUTPUT 4954000
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Table 22. Coarse (> .25mm diameter) sediment delivered to the Deer Creek channel 
during the budget period.
Process Volume of Tgble
sediment referred to
> .25mm
in size
{m^3)
in text
Landslides 1935760 2
Episodic bank erosion 73150 4
Debris torrent erosion 172720 5
Soil-creep induced erosion 40570 6
Hillslope erosion* 180440 11,12
Road-related erosion** 51090 15,16
Total 2453700
‘Sheetwash and rilling on hillslopes component is assumed to be 25% 
coarse-grained (> .25 mm).
**Sheetwash and rilling on road surfaces component is assumed to be 25% 
coarse-grained (> .25 mm).
